Polycrystalline samples of Ba 4 SrRTi 3 V 7 O 30 (R=Sm and Dy), members of the tungsten-bronze family, were prepared using a high-temperature, solid-state reaction technique and studied their electrical properties (using complex impedance spectroscopy) in a wide range of temperature (31-500 • C) and frequency (1 kHz -1 MHz). Preliminary structural (XRD) analyses of these compounds show the formation of single-phase, orthorhombic structures at room temperature. The scanning electron micrographs (SEM) provided information on the quality of the samples and uniform distribution of grains over the entire surface of the samples. Detailed studies of the dielectric properties suggest that they have undergone ferroelectric-paraelectric phase transition well above the room temperatures (i.e., 432 and 355 • C for R= Sm and Dy, respectively, at frequency 100 kHz). Measurements of electrical conductivity (ac and dc) as a function of temperature suggest that the compounds have semiconducting properties much above the room temperature, with negative temperature coefficient of resistance (NTCR) behavior. The existence of ferroelectricity in these compounds was confirmed from a polarization study.
Introduction
Materials of tungsten-bronze (TB) structure belong to an important family of dielectric materials, which display interesting ferroelectric, pyroelectric, piezoelectric, and nonlinear optical properties for applications in various electric devices, such as transducers, actuators, capacitors, * E-mail: crnpfl@phy.iitkgp.ernet.in and ferroelectric random access memory [1] [2] [3] [4] [5] . Recently, owing to the rapid progress in microwave telecommunications, satellite broadcasting, and other related technologies, a number of Ba based TB compounds with dielectric constant nearly 100 have attracted much attention because of their importance in the miniaturization of microelectronic devices [6] [7] [8] [9] [10] [11] [12] [13] .
The TB structure consists of a framework of distorted, BO 6 octahedral sharing corners in such a way that three different types of interstices (A, B, and C) are available for a wide variety of cations occupying a general formula (A 1 ) 2 (A 2 ) 4 (C) 4 (B 1 ) 2 (B 2 ) 8 O 30 . Different ionic size substitutions at the above-mentioned sites can play an important role to tailor their physical properties [2] [3] [4] [5] . Though a number of niobates such as Ba 5 [14] [15] [16] [17] [18] [19] [20] [21] have shown very interesting electrical properties, which can further also be applicable for potential device applications. One of the main interests for using such materials is for nonlinear optical materials for second harmonic generation [22] . In view of this, we have synthesized and studied the structural, dielectric, and electric properties of some rare-earth doped vanadates, and in this paper we have compared the above properties of Ba 4 2 , and V 2 O 5 (all from M/S Sarabhai M. Chemicals, India) in a suitable stoichiometry. These mixtures of powders/materials were thoroughly ground for 3 h in air and methanol to obtain fine homogenous powders. The mixed powders were calcined at an optimized temperature and time (950
• C, 12 h) in air. The calcined powders were grounded and dried, followed by mixing with organic binder polyvinyl alcohol (PVA) to prepare cylindrical pellets of 10 mm diameter and 1-2 mm thickness at a pressure of 4×10 6 N/m 2 . The pellets were sintered in air at 1000
• C for 12 h to yield dense ceramics. The binder was burnt out during high-temperature sintering. The formation and quality of the compounds were checked by an X-ray diffraction (XRD) technique. The X-ray diffraction patterns of the compounds were recorded at room temperature using an X-ray powder diffractometer (Rigaku, Miniflex) with CuK α radiation (λ=1.5405 Å) in a wide range of Bragg angles 2θ (20 0 ≤ 2θ ≤ 80 0 ) with a scanning rate of 3
• /min. Microstructures of sintered pellets were recorded by a JEOL -JSM: 5800 model scanning electron microscope (SEM). The electrical properties of the sintered pellets were studied, with the data recorded by an impedance analyzer (PSM 1735, model: N 4L) over a wide frequency range (10 3 -10 6 Hz) at different temperatures (31 • -500 • C). The piezoelectric coefficient (d 33 ) of the compounds was obtained on poled samples (6 kV/cm for 24 hours in silicon oil) using a piezometer (M/s. Piezo-test, Model: PM 200, London, UK). The hysteresis loop (P-E loop) of the poled samples was obtained at room temperature using a precision material analyzer (M/S. Radiant Technologies Inc., USA), integrated with 4 kV voltage amplifiers. Fig. 1 compares the XRD pattern of the BSSTV and BS-DTV compounds at room temperature. Both the diffractograms are almost similar, with a small variation in the relative intensities and peak positions. The XRD peaks of both the samples, which are different from that of ingredients, suggest the formation of new single-phase compounds. With the observed interplanar spacing of all the peaks of XRD patterns, unit cell parameters of the compounds were obtained in a different crystal system, using a standard computer program package "POWD-MULT" [23] . An orthorhombic crystal system was selected for these compounds, based on Σ∆ = Σ( − ) = minimum. The least-squares refined unit-cell parameters of these compounds are as follows:
Results and discussion

Structural and microstructural studies
=10.8212 (14) Å, =8.4211(14) Å, =20.7605(14) Å for BSSTV; and =12.8601(16) Å, =8.3830(16) Å, and = 20.3799(16) Å for BSDTV (estimated error in parenthesis). The crystallite size (P) of the compounds was calculated from a few reflection peaks widely spread in 2θ (Bragg angles) range using Scherrer's equation P = kλ/β 1/2 cos θ [24] , where = 0.89, λ = 1.5405 Å, and β 1/2 = half peak-width. The broadening of reflection peaks due to mechanical strain and other effects has been ignored. The average crys- tallite size of BSSTV and BSDTV is found to be 21 nm and 19 nm, respectively. The crystallite size of the above samples can also be obtained by transmission electron microscopy (TEM). The SEM micrographs of the compounds at room temperature are shown in Fig. 2 . The grains of both the samples are more or less homogeneously distributed through out the surface. The same microstructural pattern was also observed in other compounds of the same family [20, 21] . The grain size, evaluated from the micrographs, is found to be in the range of 1-3 µm for both compounds. Fig. 3(a-b) shows the temperature dependence of the relative dielectric constant (ε ) and loss tangent (tanδ) at 50 and 100 kHz for both the BSSTV and BSDTV compounds. The room-temperature values of ε for BSSTV and BSDTV are 195 and 235 respectively. It is observed that ε increases gradually with the rise in temperature to its maximum value (ε ), and then decreases for both compounds. The dielectric anomaly was observed at the transition temperature (T ) of 432 and 355
Dielectric study
• C at 50 and 100 kHz for BSSTV and BSDTV respectively. The T of Ba 4 SrRTi 3 V 7 O 30 (R=Sm and Dy) decreases as the ionic radius of the R ion decreases, and these results agree well with the results of other compounds of the same family [25, 26] . This anomaly may be associated with ferroelectric-paraelectric phase transition, which was confirmed by the appearance of hysteresis loops (as shown in the later section). It has also been observed that the temperature at which ferroelectric-paraelectric phase transition (T ) occurs is independent of frequency, which suggests that these compounds have no relaxor behavior. The maximum value of the dielectric constant at T (ε ) for 50 and 100 kHz are 1042 and 791 for BSSTV, and the corresponding values for BSDTV are 306 and 289 respectively. Thus BSSTV compound has a high dielectric constant compared to BSDTV. There is anomaly in tanδ near the vicinity of T in both compounds. The tanδ values at room temperature are 0.0028 for BSSTV and 0.014 for BSDTV, for both frequencies. The higher value of tanδ at high temperature may be due to the (i) enhancement of conductivity and (ii) reduction in the ferroelectric domain wall contribution. Also, both the parameters (ε and tan δ) decrease with frequency, which is a general property of ferroelectric materials.
Conductivity study
The ac electrical conductivity (σ ) was calculated from the dielectric data using an empirical relation: σ = ωε ε tanδ, where ε is permittivity in free space and ω angular-frequency. Fig. 4 shows the variation of ac conductivity of the compounds with inverse of absolute temperature (10 3 /T) at 50 and 100 kHz. A linear variation of σ over a wide temperature range supports the existence of thermally activated transport properties of the materials that obey the Arrhenius equation: σ = σ 0 exp(−E / B T ) (where the symbols have their usual meanings). The activation energies (E ) of the compounds are 0.29 and 0.28 eV for BSSTV and 0.36 and 0.35 eV for BSDTV at frequencies 50 and 100 kHz, respectively. These values suggest that a small amount of energy is required to activate the carriers/electrons for electrical conduction. The moderate value of activation energy is close to the value of first ionization energy of the oxygen vacancy. The activation energy decreases with increasing frequency for both compounds, and hence, corresponding values of σ also decrease. This behavior suggests that the conduction mechanism in these ceramics may be due to the hopping of charge carriers. At higher frequencies, the activation energy is smaller than that of low frequencies because of the presence of space-charge polarization in conduction phenomena (at lower frequencies). The difference in valence state of vanadium (i.e., V 5+ -V 4+ ) at higher temperatures results in the oxygen ion vacancies, which may also contribute to the conduction process. Therefore, the conductivity may be of mixed-type (i.e., ionic-polaronic and space charge) [27, 28] . Fig. 5 shows the Arrhenius plot of the electrical conductivity (dc) of the compounds. The electrical conductivity of the compounds increases with rise in temperature, and hence the material shows a negative temperature coefficient of resistance (NTCR). The activation energy for the conduction process was derived from this plot, which follows the Arrhenius relation. The (dc) activation energies of the materials were estimated to be 0.52 and 0.53 eV for BSSTV and BSDTV respectively.
Impedance study
The complex impedance spectroscopy (CIS) technique [29] was used to analyze the electrical response (i.e., transport properties) of polycrystalline BSSTV and BSDTV in a wide range of frequencies (10 3 Hz to 10 6 Hz) at different temperatures (31-500
• C). Fig. 6 exhibits the Nyquist plots of BSSTV and BSDTV at different temperatures. It is clear from the figures that for both compounds, the center of the semicircular arc shift towards the origin with a rise in temperature, which indicates that the conductivity of the samples increases with increasing temperature. The shape of the curve suggests that the electrical response is completely dominated by the bulk properties of the material. Fig. 7 shows the loss spectrum (Z " -frequency graph) of both compounds at higher temperature. The loss spectrum has some important features: (a) the appearance of the peak, (b) typical peak broadening, and (c) the value of Z " decreases and shifts to higher frequencies side on increasing temperature. It is seen that the peak maxima shifts towards high frequency with increasing temperature, and the relaxation process occurs over several decades of frequency. The broadening of the peak (due to an increase in temperature) suggests the presence of temperature dependence of relaxation processes in the material [30] . The relaxation process in the material may possibly be due to immobile species (electrons) at low temperature and defects (vacancies) at higher temperatures. The merging of all the curves above 100 kHz indicates a possible release of space charge [31] .
Polarization study
The ferroelectric hysteresis loop of poled samples was recorded at room temperature, with the application of electric fields of about 6 kV/cm (Fig. 8) . The nature of hysteresis loops indicates that the samples are lossy. The remanent polarization (2P ) is 0.048 and 0.012 µC/cm 2 for BSSTV and BSDTV respectively. The piezo-coefficient ( 33 ) of both compounds is found to be 6 and 12 pC/N respectively. The existence of a hysteresis loop confirms that the above samples are ferroelectric in nature. As ferroelectric materials have piezoelectric properties, even with a smaller 33 value of the above materials, this supports the existence of ferroelectricity in them.
Conclusion
The BSSTV and BSDTV of the tungsten-bronze family were prepared, and their structural, dielectric, and electrical characteristics were investigated. Both compounds are ferroelectrics and have an orthorhombic crystal structure at room temperature. The ferroelectric phase transitions in the above-mentioned compounds were observed well above room temperature. These ceramics exhibit high dielectric constants and low dielectric losses at higher temperature. The dielectric anomaly and hysteresis loop along with piezoelectric coefficients of the materials, have supported the existence of the ferroelectric property of the materials. The occurrence of ferroelectricity in the materials is also supported by a substantial contribution of electron-phonon anharmonicity. These materials have potential application in temperature-compensating capacitors. Comparatively, low dielectric constants at roomtemperature are observed in the ceramic samples indicate that they may have attractive benefits in electro-optic and infrared pyroelectric detector applications at lower temperature. The compounds also have negative temperature coefficient of resistivity (NTCR), which is most desirable for developing highly sensitive thermal detectors, sensors, etc.
